We describe here the use of fluorescence in situ hybridization (FISH) 
INTRODUCTION
Measuring the transfection efficiency of transient expression vectors, such as pRSVcat (23) and pCMVcat (2) , which contain the gene encoding chloramphenicol acetyltransferase (CAT), has been a challenge. The advantage of using CAT is that mammalian cells do not have this bacterial gene. pCMVcat , which contains the human cytomegalovirus immediate enhancer and promoter (7) , has sensitive and specific characteristics desirable for the hostcell reactivation (HCR) assay, which has been used in population studies to measure the DNA repair capacity of human lymphocytes (2, 25) . However, a fundamental question about using the HCR assay for population studies is whether the cells being compared have the same transfection efficiencies and whether the transfection efficiencies of damaged and undamaged vectors are the same.
The transfection efficiency of plasmids containing the CAT gene reportedly varies in different cell types when measured by different transfection methods such as lipofection (6) , electroporation (18) , calcium phosphate precipitation (1) and diethylaminoethyl (DEAE)-dextran transfection (8) and also depends on the method used to measure the efficiency, such as anti-CAT antibody detection (13) or cotransfection (15) . The most commonly used methods of measuring transfection efficiency of a transient expression vector are based on cotransfection with another vector containing a different reporter gene, such as β -galactosidase ( β -gal) (9) , luciferase (5) and tartrateresistant acid phosphatase (21) . The underlying assumption for cotransfection is that transfection efficiency and expression efficiency are the same for both the target plasmid (e.g., encoding CAT) and the marker plasmid (e.g., encoding β -gal), regardless of their different sizes and structures. Although adherent cells such as fibroblasts can be stably cotransfected, the efficiency of cotransfection, particularly with transient expression vectors, is low in nonadherent cells such as lymphoblasts.
In addition, the shortcomings of cotransfection are the relatively high background staining in untransfected cells and the fact that gene expression cannot be measured until 24-48 h after transfection (15) . Cell viability after transfection also varies, depending on the method of transfection used (for instance, electroporation kills some cells). Thus, the number of cells count -ed after transfection may be different from the number actually transfected. Therefore, the expression of reporter genes measured at a later time may not reflect the efficiency (the percentage of the cells) of initial transfection per se. This is particularly important when the transfection efficiency of a nicked plasmid is being evaluated, because the expression of nick-transfected plasmids can be reduced by the conversion of the circular plasmids to the linear form by endonuclease (12, 26) or simply by the failure of the linearized form to be transfected. To evaluate the transfection efficiency of such damaged plasmids, it would be best to identify the cells containing the transfected DNAs immediately after the transfection. This is not possible with the cotransfection method, which requires that time be allowed for expression of another cotransfected marker gene to evaluate transfection efficiency by analysis of the activity of the gene product (e.g., β -gal).
The recent development of the fluorescence in situ hybridization (FISH) techniques (3, 14, 19, 22) allows the use of specific probes to locate and map target genes to their chromosomes (11, 14, 16) . Using this powerful technique, one can detect single-copy genes or DNA sequences as small as 2.3 kb (24) . Because the FISH technique is both highly sensitive and specific, we used it to measure the transfection efficiency of the transient expression vector pCMVcatby a standard transfection method, DEAE-dextran transfection, and compared FISH with the cotransfection method of measuring transfection efficiency.
MATERIALS AND METHODS

Cell Lines and Cell Culture
The fibroblast cell lines GM03377B (a normal line) and GM05509B (xeroderma pigmentosum group A line [XP-A]) and lymphoblast cell lines GM00 -892B and GM00131A (normal lines) and GM02345B and GM02246B (XP-A and XP-C lines, respectively) were purchased from the National Institute of General Medical Sciences Human Genetic Mutant Cell Repository (Camden, NJ, USA). The lymphoblasts were grown in suspension at 37°C in a 95% air and 5% CO 2 atmosphere in RPMI-1640 medium supplemented with 15% fetal bovine serum (Life Technologies, Gaithersburg, MD, USA) without antibiotics. The fibroblasts were grown in minimum essential medium supplemented with 10% fetal bovine serum under the same conditions used for the lymphoblasts.
The HCR Assay
Purified pCMVcat (5 kb; a gift from Dr. Lawrence Grossman, Johns Hopkins University) was dissolved in TrisHCl-EDTA solution (pH 7.9) at a concentration of 50 µ g/mL. pCMVcat damaged by exposure to 800 J/m 2 ultraviolet (UV) light and undamaged pCMVcatwere transfected into the cells (ca. 0.125 µ g of plasmid per 1 × 10 6 cells) by the DEAE-dextran procedure (17) . The HCR assay protocol does not require treatment of cells with sodium butyrate (2) . In parallel experiments, the plasmid pCMVβ gal (7.2 kb; provided by Dr. Francis Ali-Osman, The University of Texas M.D. Anderson Cancer Center) was also cotransfected with pCMVcat by the same procedure used for pCMVcat transfection, except that 0.25 µ g of undamaged pCMVβ gal per 1 × 10 6 cells was added to the transfection cocktail. The fibroblasts were transfected in six-well plates and the lymphoblasts were transfected in plastic tubes (12 mm × 75 mm). After transfection, the cells were incubated for 40 h and the CAT activity was measured as previously described (2, 25) . The average CAT activity for the triplicates was calculated for those cells transfected with plasmid without treatment as the baseline and for those cells transfected with plasmid treated with 800 J/m 2 UV light as the percentage of residual repair activity (percent CAT activity) to estimate the DNA repair capacity (2).
The FISH Procedure
pCMVcatwas also used as the probe in the FISH procedure. The probe DNA was labeled with digoxigenin-11-dUTP (Boehringer Mannheim, Indianapolis, IN, USA) using a nick-translation kit (Life Technologies). The hybridization protocol of Research Repo r ts Pinkel et al. (19) was used with minor modifications. Briefly, the labeled probe (1 µ g) was concentrated with a SpeedVac ® (Savant Instruments, Holbrook, NY, USA) for 1 h, dissolved before being completely dried in 5 µ L of double-distilled water and stored at -20°C for later use. Because in our initial experiments DNase treatment immediately after transfection had no effect on transfection efficiency, DNase treatment was omitted in later experiments. The transfected fibroblasts were grown on slides in 100-mm ×20-mm culture dishes, and the lymphoblasts were attached to frosted slides by lowspeed centrifugation (600 rpm) with a Cytospin 3 (Shandon, Pittsburgh, PA, USA). The cells were then dehydrated with a series of ethanol treatments (75%, 80%, 95% and 100%; each for 2 min), denatured with 70% (vol/vol) formamide/2 ×standard saline citrate (SSC; pH 7.0) at 75°C for 2 min and dehydrated again with a series of ethanol treatments (75%, 80%, 95% and 100%; each for 2 min) at -20°C instead of the usual 4°C, which significantly increased hybridization efficiency. For hybridization, 10 µ L of cocktail containing 225 ng of DNA probe were added to each slide on the area containing cells; and the cells were covered with a 25-mm × 25-mm glass coverslip sealed with rubber cement and incubated in a prewarmed humidified chamber at 37°C for 20 h. After hybridization, the slides were washed three times at 41°C for 5 min each time with 50% formamide/2 × SSC and twice at 41°C for 
The β β -Gal Assay
For the β -gal assay, transfected fibroblasts were grown in six-well plates and transfected lymphoblasts in test tubes. The cells were assayed for β -gal expression at 40 h after transfection when the level of expression reached its maximum. The cells were stained in situ for β -gal by following a published procedure (20) with minor modifications. The staining was performed by adding 5-bromo-4-chloro-3-indolyl-β -D -galactopyranoside (X-gal) and the scoring was recorded 6 h later, because in the initial experiments, in which the scoring was evaluated at 1, 6 and 12 h, maximal staining was noted at 6 h after the addition of X-gal (data not shown).
Computerized Photography
All slides were examined using a Zeiss photomicroscope equipped with a mercury UV lamp (Carl Zeiss, Thornwood, NY, USA). The images were digitized with an Optimas Images Analysis System (Optimas Corporation, Bothell, WA, USA).
Calculation of Transfection Efficiency
The transfection efficiency was calculated as the percentage of cells stained by either the FISH method or the β -gal assay. For each efficiency calculated, 100 cells were randomly examined microscopically on each of three slides. Reconstruction assays were used to evaluate the accuracy of the FISH procedure in measuring the transfection efficiency. In these assays, various proportions of untransfected and transfected GM00892B cells were mixed and assayed by FISH. The observed transfection efficiencies of different mixtures were compared with the expected efficiencies, which were estimated by multiplying the transfection efficiency of a population of all transfected cells by the percentage of the transfected cells in the mixture. Figures 1 and 2 show pCMVcattransfected cells detected by FISH (red) and β -gal staining (blue; Figure 1 ), respectively. Transfection efficiencies measured by either the FISH or pCMV -β gal method were higher in the fibroblasts than in the lymphoblasts (Table 1) . It can be seen that transfected plasmid was located in the cytoplasm 1 h after transfection and no false-positive cells were observed among the untransfected cells ( Figures 1C and 2B ). However, these results do not rule out the possibility of false negatives (i.e., transfected cells not detected), because plasmid may be undetectable because the level of plasmid is too low or the fluorescence signal is too weak to be seen.
RESULTS
To verify the accuracy of the FISH procedure, we performed a reconstruction assay. The observed percentages of positive cells were very close to the expected percentages. For example, with the observed transfection efficiency of 69.2% (with a standard deviation ±2.5%) in a mixture of 60% transfected cells and 40% untransfected cells, one would expect 41.5% (i.e., 69.2 ×0.6) positive cells, which was close to the observed number (41.9% ± 2.0%). For the mixture of 40% transfected cells and 60% untransfected cells, the observed and expected frequencies were 25.1% ± 3.9% and 27.7%, respectively. These results indicated that the FISH procedure is highly consistent and accurate.
Because we were interested in the transfection efficiencies of cells used in the HCR assay, we further measured transfection efficiencies by the FISH method and reporter gene expression by the HCR assay in DNA repair-proficient (GM00892B, GM00131A and GM03377B) and DNA repair-deficient (GM02246B, GM02345B and GM05509B) cells 40 h after transfection (Table 1) . Transfection efficiencies measured by the FISH method at 40 h were 30% to 45% lower in lymphoblast cells and 10% to 15% lower in fibro -
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blasts as compared to those measured by the FISH method 1 h after transfection. It appears that by some unknown mechanism, the transfected plasmids were lost from some of the cells 40 h after transfection. This might be explained by a combination of degradation and dilution of unreplicated pCMVcat (10) that does not integrate into the genome (2). Most of the remaining transfected pCMVcatwas still in the cytoplasm (data not shown). Although the majority of transfected plasmids were seen in the cytoplasm, it was difficult to distinguish those plasmids in the cytoplasm overlaying the nucleus from those actually in the nucleus. In addition, a small proportion of the plasmids in the cytoplasm may have actually entered the nucleus and, therefore, were undetected by FISH.
Transfection efficiencies of lymphoblast cells as measured by the FISH method 1 h after transfection were significantly correlated with those 40 h after transfection ( P<0.01), but neither was correlated with baseline expression of the reporter gene or with the DNA repair capacity of the cells. Rather, the reporter gene expression level was a function of the number of cells used for the transfection (data not shown). It was not surprising that transfection efficiencies measured by the FISH method did not predict the level of reporter gene expression, because each positive cell may contain different numbers of plasmids or, more relevantly, different numbers of plasmids that may have entered the nuclei and been expressed. However, these results were limited because of the small number of cell lines tested.
We also compared the transfection efficiencies of UV-damaged plasmid and undamaged plasmid in GM00131A cells. As shown in Figure 2 , transfection efficiencies measured by the FISH method were similar for undamaged plasmid ( Figure 2C ; 71.7% ± 3.5%) and UV-damaged (800 J/m 2 ) plasmid ( Figure 2D ; 71.3% ± 4.2%), indicating the UV damage did not affect the transfection efficiency.
DISCUSSION
We have demonstrated that the FISH method for measuring transfection efficiency is sensitive, specific, accurate and feasible. Furthermore, the transfection efficiency measured one hour after transfection is sufficient for the comparison of different cells of interest. This FISH method, which can be an alternative to the β -gal method, uses the physical presence of transfected plasmids as the endpoint; therefore, it can provide information about the percentage of cells that have taken up the plasmid, and thus provide the means of evaluating the effect of plasmid DNA damage on transfection efficiency.
We have previously demonstrated in a large population study that the expression of undamaged pCMVcatin primary lymphocytes from both normal subjects and cancer patients is similar (24) . According to published data, the highest transfection efficiency (100%) was observed in mouse L cells transfected with lipofectin (6), but the measurement was based on the fluorescence of labeled lipofectin, not on CAT gene hybridization. The lowest measurement of transfection efficiency (1%) was observed in DrosophilaKc cells transfected by calcium phosphate precipitation, as measured by an immunofluorescence method with anti-CAT monoclonal antibody (4) . Our data show that the classical DEAE-dextran transfection method yielded an efficiency of transfection of more than 70% in lymphoblasts and more than 80% in fibroblasts as measured by the FISH method. No substantial differences in transfection efficiencies were observed between the repair-proficient and repair-deficient cells or between transfections with undamaged and UVdamaged plasmids.
Although the FISH method does not provide information about the rate of expression of the transfected plasmids, it has several advantages over cotransfection. First of all, it is very specific and results in no false positives. Second, it reveals the physical location of transfected plasmids within the cells and provides accurate information for evaluating the efficiency of a transfection method. Third, it allows assessment of the effect of plasmid DNA damage on transfection efficiency, which affects reporter gene expression and, therefore, cannot be assessed by the cotransfection method. Finally, the high sensitivity of the FISH method will help us evaluate other therapeutic 
